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1. Cryogenic Proper t ies  of Solids 

1. 1 Thermal  Conductivity of Solids 

1. 1 .1  General  Comments 

The objectives of this program a r e  (1) to measure  the 

thermal  conductivities of severa l  standard reference mater ia l s ,  ( 2 )  

to study Lorenz rat io  of severa l  c l a s ses  of mater ia l s ,  and ( 3 )  to study 

the conduction mechanisms in alloys in the temperature range from 

4 to 300 K. 

Personnel  contributing during the reporting pericd were  

J. G. Hust and L. L. Sparks. 

1.1.2 P r o g r a m  Status 

During the cu r ren t  period the Lorenz ratio comprlation 

has  been nearly completed. The l i te ra ture  sea rch  i s  complete, 

re ferences  have been received, and data  a r e  now being punched on 

ca rds  for  computer analysis. This analysis will  be completed @ur ing  

the next reporting period. 

Measurements have been completed on both lots s f  

AGARD stainless  steel. We have found that hot swaging and reanneal-  

ing does not a l ter  the thermal  conductivity of this steel.  Thereiore 

we a r e  proceeding with specimen preparation for  distribution by OSRM 

The specimen preparation i s  being done by USBM, Albany, Oregon, 

An additional 200 pounds of this s tee l  have been ordered frmm the 

German supplier. A repor t  will be completed during the next period 

describing the resul ts  of character izat ion and measurements ,  

Also, during the next period we will continue to znalyze 

the heat conduction mechanisms of the alloys measured in the pas t ,  



1, 2 Flecer i ca l  Resis t iv i ty  

1.2.1 G e n e r a l C o m m e n t s  

The objectives of th is  p ro jec t  a r e  to m e a s u r e  the low 

tcbmperaturc e lec t r ica l  res i s t iv i ty  of se lected alloys needed for  c ryo-  

genic design and to study their  m a t e r i a l  variabil i ty,  and to p e r f o r m  

precision measu remen t s  of res i s t iv i ty  fo r  s e v e r a l  high pur i ty  me ta l s  

to .Lmprove understanding of the bas ic  e lec t ron  sca t te r ing  mechanisms  

and 50 improve the re l iabi l i ty  of s tandard r e f e r ence  data. 

The m a t e r i a l  var iabi l i ty  p r o g r a m  h a s  been completed 

and is reported.  A. F. Clark  contributed dur ing this repor t ing period. 

1-2-2 P r o g r a m  Status 

Near ly  50 measu remen t s  w e r e  per formed fo r  the 

material variabil i ty p r o g r a m  and a r e  repor ted  along with the previous 

measuremenlts in  Tables  1.2. 1 - 1.2. 5. Analysis of the  da ta  h a s  been 

co-mpieted and an a r t i c l e  h a s  been wri t ten fo r  submission to Cryogenics .  

A prepr in t  of th is  a r t i c l e  will  be appended to the next p rog re s s  repor t .  

During the next repor t ing per iod the measu remen t  of 

the precision e l ec t r i ca l  res i s t iv i ty  of aluminum will  be  initiated. 
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2 ,  Slush Hydrogen Heat T rans fe r  and Hydrocarbon Suspension "-- 

2-0 G e ~ r e r a l  Comments  

Activity on the p r o g r a m  during this repor t ing period 

b a s  b,.en zloncerned with completion of the s lush  mixing study, s t a r t  

up 01 ehe exper imental  apparatus  to p repa re  a hydrocarbon suspension 

1;1 s B ~ s h  :?ydrogen, and initiation of the design of the hea t  t r ans fe r  

expe-irnentali apparatus .  Pe r sonne l  contributing to the p rog ram w e r e  

C, S-ndt ,  P, M. McConnell, R. 0. Voth, and J. Hord. 

2 .  1 Slush Hydrogen Heat T r a n s f e r  

The activity on this t ask  has  included select ion of the 

baslc  d e s i g n  f o r  the exper imenta l  heat  t r ans fe r  unit. The design 

s e l e c ~ e d  is s i m i l a r  to that  repor ted by K. J. Coeling and H. Mer te ,  Jr. 

( i 9 5 8 > ,  This design was selected because i t  h a s  been used succes s -  

d i i  y f o r  liquid hydrogen and will  there fore  provide some  cor re la t ion  

data between sys t ems  a s  wel l  a s  f r o m  s lush  and tr iple-point  liquid 

co boiling liquid. The design hea t  flux values a r e  es t imated 

,o r a n g e  from the visible boiling threshold to the lowest values 

l:neasurabPe on the hea t e r  c i rcui t .  

2 ,  2 Mixing Slush Hydrogen 

The study of mixing requi rements  and design fo r  s lush  

:?.ydrc.gen s ys tems  has  been completed. The study has  resul ted in 

se lec ' lon  of the m o s t  promising mixe r  configurations for  one-g mixing 

aad for low-g mixing. The completed study will  be reported s epa ra t e ly  

d ~ r l ~ g  the .next q u a r t e r  and will  be  titled "Slush Hydrogen Mixing: 

3rel.i  ~ i n z r y  Study". 



2. 3 Hydrocarbon Suspension in Slush Hydrogen 

The apparatus fo r  preparation and study of l?grdrocarbcn 

suspension in s lush hydrogen has  been completed and two tes  ks 2nd a 

checkout run have been made using hydrogen. 

2. 3.1 Experimental Apparatus and Procedure  

The experimental dewar i s  thermally protected b;- a 

liquid hydrogen bath dewar which can be vacuum pumped to triple-pc:nt 

pressure .  Triple-point p res su re  i s  maintained in the batb dewzr  wrth 

a barostat  that controls the p res su re  within 270 ~ / m ~  (2  nn:m Hg), The 

bath dewar i s  thermally protected with an open mouth, liquid nitrogen 

filled dewar. F o r  visual and photographic observation, all of the 

dewars  used a r e  c l ea r  glass  during the initial experiments,  If a 

stable hydrocarbon suspension is obtained, the bath dewar will  be  

replaced with a s t r ip-s i lvered dewar to a s s u r e  long observation 

periods of the suspension with a minimum of melting of the solic, hydre-  

gen in the slush. 

The hydrocarbon content of the suspension is  detcr~mxnec 

with a hydrogen flame hydrocarbon analyzer.  The suspension sample 

i s  taken with a micro-sampler  of approximately 1 cm3 capacity, whLc"l 

can sample a t  any level in the experimental dewar. The sample which 

i s  contained in the fluid sampler  i s  then raised above the liquid laydro- 

gen level and boiled with electr ical  heaters .  The resulting gas 1s 

captured in two evacuated chambers.  The f i r s t  chamber is filled tc 

approximately one atmosphere p r e s s u r e  when the hydrogen has 

gasified. This chamber i s  then closed and the second evacuatec3 

chamber i s  opened. The second chamber i s  filled as  the :rerna:ning 

hydrogen and the hydrocarbon a r e  heated well above the boiling point 

of the hydrocarbon. Since the second chamber i s  over 300 t imes large- 



khan the s;e'mpPe volume, 99.7% of the gas mixture remaining after 

f i l l ing  the f i r s t  volume i s  contained in the second volume. This 

s e rveb  to  extract  essentially a l l  of the gas sample f rom the sampler .  

The two volumes a r e  then mixed with each other resulting in a gas 

sample typical of the fluid sample trapped in the mic ro - s  ampler.  

i. 3.2 Test  of Hydrocarbon Suspensions 

Three hydrogen tests  have been made in the apparatus.  

The i irst  tes t  was conducted to check out operation and safety features.  

T h e  second hydrogen tes t  was conducted with ethane injection into 

tr~ple-"point liquid hydrogen. The injection gas was three volume pe r -  

cent ethasie in  hydrogen. The injection t ime was 30 seconds with 

the pressure at 430 k ~ / m "  (50 psig) and the injection was through a 

0, 33 mrul diameter  hole. Solid ethane part ic les  which appeared to be 

as large as  5 m m  formed during injection and the part ic les  were  of 

the texture of snow flakes. Hydrogen s lush  was made af ter  injection. 

During slush preparation, the mixture was s t i r  red vigorously. After 

the sol ids  had settled the mixture appeared to contain solid ethane 

throughout the s lush hydrogen. The ethane part ic les  a r e  discernible 

from solid hydrogen because they a r e  white and the solid hydrogen 

has tire appearance of a wetted translucent particle.  

Attempts were  made to sample the c l ea r  liquid over  

the settled solids and to sample in the sett led solids region. The 

s arnples i n  the settled portion were  approximately 700 ppm by weight 

o i  etEa:re; however, the sampler  was not functioning properly s o  this 

valere is  suspect. The c l ea r  liquid sarnples contain no detectable 

ethane. 



The mixture of s lush and hydrocarbon was stirred on 

seve ra l  occasions and the solids always appeared to sett le with h e  

ethane well dispersed in the slush. No solid ethane part ic les  w e r e  

visible in the liquid a f te r  settling had occurred. Because of' the 

sampler  problem the experiment was terminated without adding m o r e  

ethane. After the solid hydrogen in the slush had melted the solrd 

ethane appeared to occupy about 1/20 of the liquid volume. 

The third experiment was terminated before data were 

available because of a heater  failure.  

Since the third experiment,  the hea ters  and the micro- 

sampler  have been modified to increase  reliabili ty and to inrrprmre the 

accuracy of the sample. 

Future  experiments will include m o r e  testing witri 

10% cyclopropane in hydrogen as the injection gases.  Experiments 

where the hydrocarbon i s  to be added af ter  s lush  i s  made will use 

pure methane as  the injection gas initially. The injection gas must be 

of high hydrocarbon content as  the l a rge  volume of w a r m  hydrogen 

gas associated with diluted gas injection will mel t  a significant portion 

of the solid hydrogen. 



3. Slush Hydrogen Instrumentation 

3 . 0  General Comments 

Contributing to the program during this reporting period 

was R. S. Collier. 

3 . 1  Carbon F i lm  Sensors 

Analysis of the thermal oscillations in sIush was begun 

using the heat and mass  t ransport  equations. If the viscosity of the 

fluid and the slush i s  neglected there a r e  s ix relevant quantities at 

each point in the fluid - namely, the three fluid velocity components, 
4 

v ;  the density, p; the pressure,  P; and the temperature, T. In 

order  to solve for any of these quantities for any point in the fluid 

as  a function of time (the Eulerian point of view), i t  i s  necessary to 

establish six independent relations between the quantities. The con- 

s erva.tion of momentum gives three independent relations, the con- 

servation of mass  and energy gives two more,  and the l a s t  relation 

i s  obtained f rom the equation of s tate  which related P, p ,  and T in a 

state of thermodynamic equilibrium. Since the thermal oscillations 

a r e  low frequency (approximately 8 Hz) and the thermal amplitudes a r e  

small  (approximately 0. 1 K), we shall  assume that the equation of 

state holds locally even though the system is  not in thermal equilibrium. 

where D/Dt i s  the convective derivative a / a t  + v V. The conservation 

of mas s  i s  expressed as  

To a f i r s t  approximation, the slush can be treated as an incompressible 

fluid. Under this assumption and considering spherical symmetry of 



the pressure  and velocity waves about the f i lm sensor,  equations (1) 

and (2) can be integrated in the space variable to give 

where R i s  the radial position of a fluid particle, PR i s  the fluid pres  - 
su r e  at R, and P, i s  the ullage pressure.  Using some simple approxi- 

mations relating PR to R we have found the conditions for which the 

computer solutions to equation ( 3 )  a r e  oscillatory. The next s tep is  to 

relate  these oscillations to the thermal oscillations using the energy 

equation, the Equation of State, and the boundary conditions giving the 

heat input. This work i s  continuing and the full details will be given 

in a future report.  

Work was begun with Metro Physics,  Inc., Santa 

Barbara, California, to t ransfer  our carbon film technology and to 

obtain a source of carbon films which will be used as  slush sensors,  

thermometers,  and fluid phase detectors. 

Six deposition runs were made using eight film sub- 

s t ra tes  per  run. The f i r s t  problem was to establish a deposition 

ra te  which would be held constant on succeeding runs. The deposi- 

tion ra te  had to be slow enough to make stable films, yet high enough 

to make a 500i - 1000i film in a reasonable length of time. (This 

ra te  had been previously determined by NBS research to be about 

0.5 - 2.0 i /min .  ) The ra te  of thickness was determined by 

a shielded quartz crys ta l  monitor. The crystal  monitor was 

placed 8 inches f rom the source and the substrates 24 inches f rom . 

the source. Using the 1 /R' law and figuring the rotation of the 

substrate,  there i s  a factor of 917 between the ra te  of the crys ta l  



i P i ~ f i b t a r  avnd the r a t e  at  the substrate.  We therefore initially kept the 

rate at the c rys t a l  monitor about 60 i / m i n  fo r  a flat  non-rotating 

si~bstrate, At this r a t e  we were  able to  deposit 600 a f i lms in about 

f i ve  hou r s ,  which gave sensor  res i s tance  of 300 - 1500 R a t  room 

temperature (the range being dependent on the substrate  temperature) .  

A t t h i s  rate, the rotating subs t ra tes  had fi lms which were  of excellent 

oprkcal quality, were  stable, and reproducible to within 0. 1 percent  

on thc rrnal cycling (more  sensit ive measurements  will be forthcoming). 

W,awever9 the f la t  subs t ra tes  a t  6 i / m i n  were  all  unstable. 

The nominal r a t e  of 60 hi lmin  at the quartz c rys t a l  

~ ~ i o x l t a r  was controlled by the emission cu r ren t  of the electron beam 

gun vrhich had a tendency to dr i f t  and required a correct ion a t  intervals 

oS about 10 minutes. The r a t e  then was usually kept between 

50 - "70 i / m i n ,  although it would occasionally drop  a s  low as  40 i / m i n  

or g e c  as high a s  80 K/min. An automatic emission cu r ren t  controller 

would be ve ry  helpful here ,  but may  require  very sophisticated c i rcu i t ry  

as there a r e  t ime lags of 4 o r  5 minutes to changes in emission current .  

The next problem was to  control the substrate  tempera-  

ture a d  measure  the effect of subs t ra te  tempera ture  on the total  r e s i s -  

f a c e  and sensitivity ( a s  measured  by the res i s tance  rat io  between 

room tempera ture  and liquid nitrogen boiling point). The f i r s t  attempt 

at reproducibility gave very  good resu l t s  (to within 10 percent  in 

sensitivity and resis tance)  although the sensit ivity seemed to be a 

li t t le too high. The next two runs were  unsuccessful in establishing 

GI, definite trend of sensit ivity vs. subs t ra te  tempera ture  and we began 

to notice a correlat ion with respec t  to subs t ra te  position. The final 

tc-~o runs, a l te r  eliminating the effect of a l l  other pa ramete r s ,  showed 

t h a t  the relevant parameter  seemed to be the w a r m  up time. A 



hypothetical reconstruction of events goes a s  follows: The subslrates 

a r e  mounted axially on beveled ro l l e r s  about 2 inches in d iamete r  

and 2 inches long. Eight ro l l e r s  fi t  in a thrus t  bearing a n d  rotate 

on a 12-inch diameter  c ircle .  The bottom bearing i s  heavy alueninur,r 

(called the t rack)  and the top bearing i s  heavy aluminum (called the 

wheel). The ro l l e r s  ro l l  between the wheel and the track, The wheel 

i s  warmed f r o m  above by quartz  lamps and the t rack  i s  warmed From 

below by quartz  lamps and the carbon source.  However, the r o l e r s  

+ w e e n  a r e  warmed pr imar i ly  by conduction a t  the points of contact be L 4  

the t r ack  and wheel. It was necessa ry  to give the ro l l e r s  a heavy 

coat  of moly-disulfide to  prevent sticking, probably making a peor 

thermal  contact. Thus, it m a y  take longer than the 3 o r  4 'Eesurs which 

were  allowed to come to thermal  equilibrium. The temperature of the 

wheel and t r ack  was monitored, but the ro l le r  temperatures  are 

difficult to determine. This hypothesis seems  to explain everything 

that we observed, including the location correlat ion and the f i r s t  

attempt a t  reproducibility which had very near ly  the same  warm up 

time. 

I t  seemed reasonable to stop the calibration runs tempor  - 

ar i ly  and do some separa te  experiments to instrument  one or two of 

the ro l l e r s  i n  a s tat ic  t e s t  to determine the w a r m  up time. Met ro  

Physics  will do this in the next week o r  two and will also build a tor?- 

t ro l l e r  which will allow long w a r m  up t imes ,  say, over the weekend, 

If this experiment is successful, it would be desirable  to do three o r  

four m o r e  calibration runs where m o r e  information i s  known abont 

the actual subs t ra te  temperature.  



4. Consultation and Advisory Services  

4, 0 General  Comments 

Contributing personnel were  A. F. Schmidt and H. M. 

R o d e r ,  

4,1 N E R V A  P r o g r a m  

During the reporting period, various organizations were  

provided information on hydrogen propert ies  data: (1) NBS Reports 

9288 and 971 1 were  furnished S. Wilkes (Martin-Denver); (2) NBS 

Report 9288 and a hydrogen propert ies  TAB deck were  sent  to R. F. 

lIausymam (Lockheed-Sunnyvale); (3)  NBS Report 9711 was requested by 

1vIrs, Ad, Lura  (Sandia Corporation); (4) a high tempera ture  hydrogen 

generating function deck was sent  to R. A. Si lver  (Edwards Air F o r c e  

3 a s e ,  Calif, ); (5 )  pa ra  and equilibrium hydrogen propert ies  diagrams 

awere disciassed with C. L. Carwile (SNSO-C); (6 )  references for  high 

f emperature hydrogen propert ies  were  given to S. Manatt ( AiResearch 

Gorp, ). Also, helium propert ies  char t s  and tables were  provided 

SNSO-C, and discussions on severa l  topics w e r e  held with SNSO-W. 

The NERVA Engine Design Status Review Meeting was 

attended May 11 -1 3 at  Aerojet  Nuclear Systems Company, Sacramento, 

California, On June 13-14, meetings were  held in  Boulder with Dr. 

Landcn Nichols concerning both present  and proposed work under 

KASA (SNSO-6) Contract R-45. 






